Abstract. Although recent decades have seen an improved cure rate for newly diagnosed paediatric acute lymphoplastic leukaemia (ALL), the treatment options for adult ALL, T-cell ALL (T-ALL) and relapsed disease remain poor. We have developed a novel series of pyrrolo-1,5-benzoxazepine (PBOX) compounds and established their anticancer efficacy in a variety of human tumour cell types. Here, we demonstrate that PBOX-15 inhibits cell growth, and induces G2/M cell cycle arrest and apoptosis in both T-ALL and B-cell ALL (B-ALL) cells. In addition, prior to PBOX-15-induced apoptosis, PBOX-15 decreases ALL cell adhesion, spreading and migration. Concurrently, PBOX-15 differentially down-regulates β1-, β2-and α4-integrin expression in ALL cells and significantly decreases integrin-mediated cell attachment. PBOX-15 interferes with the lateral mobility and clustering of integrins in both B-ALL and T-ALL cells. These data suggest that PBOX-15 is not only effective in inducing apoptosis in ALL cells, but also has the potential to disrupt integrin-mediated adhesion of malignant lymphocytes, which represents a novel avenue for regulating leukaemic cell homing and migration.
Introduction
Acute lymphoblastic leukaemia (ALL) refers to a group of malignancies arising from lymphoid progenitors that may be of B-or T-cell lineage (B-ALL or T-ALL), resulting in proliferation and expansion of lymphoid blasts in bone marrow, blood and other organs. ALL has an overall incidence of 1-1.5 per 100,000 individuals and exhibits a bimodal age distribution with an early peak between ages 2-5 years (4-5 per 100,000 individuals, accounting for 80% of all childhood leukaemia), followed by a second peak after the age of 50 years (1) . The treatment of ALL involves complex therapeutic programmes using intensive combination chemotherapy in dose-and timespecific sequences resulting in survival rates greater than 80% in children (2) . However, there is a need for novel treatment options as only 30-40% of adults achieve long-term diseasefree survival and both childhood T-ALL and relapsed ALL are associated with poor clinical outcome (3, 4) .
Microtubule targeting agents (MTAs) have been shown to be effective against ALL cells and vincristine is a key component of induction, consolidation and maintenance treatment protocols (3). We have previously described a novel MTA, pyrrolo-1,5-benzoxazepine-15 (PBOX-15), which exhibits anticancer activity against a variety of human tumour cell types, including those derived from both solid and haematological malignancies (5) (6) (7) (8) (9) (10) . Importantly, PBOX-15 and other related PBOX compounds display minimal toxicity against normal human blood and bone marrow cells, and are well tolerated by both tumour-bearing and healthy mice (7, 11) .
MTA's interference with tubulin dynamics during mitotic spindle formation is well established; however, due to the critical role of microtubules in cell motility and homeostasis, the activity of MTAs may extend beyond inhibition of cytokinesis and subsequent induction of apoptosis. For example, we have shown that PBOX-15 induces apoptosis in chronic lymphocytic leukaemia (CLL) cells independent of cell cycle arrest and this effect has been described for other MTAs (7, (12) (13) (14) . In addition, MTAs have long been known to suppress immune function and have been used clinically in the treatment of other conditions besides cancer, including coronary restenosis and neointimal hyperplasia (15, 16) .
A crucial role for integrins in the survival and homing of normal and neoplastic B-and T-cells cell is well-documented (17) (18) (19) (18, (20) (21) (22) . Microtubules control integrin rearrangement and participate in the process of focal adhesions, which are sites of interactions between integrins and the cytoskeleton (23) . We have previously shown that PBOX-15 inhibits integrin-induced migration of T-lymphocytes via disruption of tubulin dynamics prior to the induction of apoptosis (24) . This suggested a potential anti-cancer activity for PBOX-15 involving disruption of leukaemic homing and infiltration, and subsequent induction of apoptosis. Here, we demonstrate anti-leukaemia potential of PBOX-15 by describing multiple effects of this agent in ALL cells: a pro-apoptotic activity, an inhibitory effect on cell adhesion and migration, down-regulation of integrin expression and disruption of integrin-microtubule interactions.
Materials and methods
Chemicals. PBOX-15 (pyrrolobenzoxazepine 4-acetoxy-5-(1-naphthyl)naphtha pyrrolo [1, 4] -oxazepine) was synthesised as previously described (25, 26) and prepared as a stock solution of 1 mM in ethanol. Caspase inhibitors were obtained from Calbiochem (Darmstadt, Germany). Unless indicated, all other reagents and chemicals were obtained from Sigma-Aldrich Ireland Ltd. (Arklow, Ireland).
Cell culture. The T-ALL cell line CCRF-CEM and the B-ALL cell line SD-1 were obtained from the DSMZ cell bank (Braunschweig, Germany) for the purpose of this study. CCRF-CEM was established from the peripheral blood of a 3-year old girl with T-ALL at relapse (27) Cell adhesion assay. Adhesion of cells on anti-integrin antibody or fibronectin coated surfaces was detected and subsequently quantified using a cell based high content analysis (HCA) system. The assay operates on the principle of fully automated fluorescent microscopy described previously (30) (31) (32) and allows multiplexing of key reporter parameters including cell-adhesion. Untreated or PBOX-15 pre-treated cells were added to fibronectin, anti-α4-, β1-, or β2-integrin antibody coated 24-well or 96-well plates (Nunc, Roskilide, Denmark) at a density of 2x10 5 or 1x10 4 cells/well respectively. Cells were allowed to adhere 2 h after which the non-adherent cells were removed by gentle washing three times in phosphate-buffered saline (PBS). Following fixation with 3% paraformaldehyde, adherent cells were fluorescently stained with Rhodaminephlloidin and Hoechst to visualize cell morphology and the nuclei, respectively. Plates were scanned using IN Cell Analyzer 1000 automated microscope (GE Healthcare, Buckinghamshire, UK) and images were acquired in a stereology configuration of nine randomly selected fields per well using a 10x objective. The quantification of cell adherence was subsequently performed using IN Cell Investigator software.
Transwell migration assay. The transwell migration assay was performed using standard procedure. Briefly, untreated or PBOX-15 pre-treated cells (5x10 5 in 100 µl serum-free medium) were loaded in the upper chamber of a 24-well Costar ® Transwell™ inserts (Costar, Cambridge, MA) with a pore size of 5 µm. Filters then were transferred to wells containing 600 µl medium with or without 20% FBS. Cells were allowed to migrate for 2 h and transmigrated cells were quantified by automated microscopy using an IN Cell Analyzer 1000. All assays were performed in triplicate.
Integrin expression analysis by flow cytometry. Single cell suspensions were added to individual polystyrene tubes and Fc receptors were blocked by incubating with FBS. Cells were washed and incubated for 30 min at 4˚C with anti-human α4-PE, β1-FITC, or β2-FITC integrin antibodies or appropriate isotype control antibodies (BD Pharmingen, CA, USA). Flow cytometry was performed using a FACSCalibur with CellQuest software. PI staining was used to exclude dead cells from the analysis. Twenty thousand events were collected for each sample, gated to exclude debris and illustrated as histograms.
Confocal microscopy. Immunofluorescent staining and confocal microscopy was performed as described previously (30) . Briefly, cells were seeded (2x10 4 cells/well) in a Lab-Tek 8-well Permanox ® slide (Nalge Nunc, NY, USA). After treatments, as indicated in particular experiments, cells were fixed with 3% paraformaldehyde, immunostained with anti-α4-, β1-, or β2-integrin antibody (eBiosciences, Hatfield, UK) for 1 h, and then permeabilized in 0.1% Triton X-100. The slides were then blocked by the addition of 3% (v/v) goat serum in PBS, counterstained with FITC-or TRITC-conjugated anti-α-tubulin antibody. Images were aquired using a 63x oil emersion objective on a Zeiss 510 LSM confocal microscope system (Carl Zeiss Jena GmbH, Jena, Germany). At least 20 different microscopic fields were analyzed for each sample.
Results

PBOX-15 inhibits cell growth, induces G2/M cell cycle arrest and apoptosis in both T-and B-ALL cells.
To investigate if PBOX-15 could affect ALL cell growth and viability, we performed a MTT-based cell proliferation and toxicity assay. PBOX-15 caused a dose-dependent reduction in viability of CCRF-CEM and SD-1 cells after 24 h with IC 50 values of less than 1 µM (Fig. 1A) . In order to investigate the mechanism of this PBOX-15-induced effect on ALL cells, we performed cell cycle analysis. A G2/M-phase cell cycle arrest was observed following 24-h treatment with 1 µM PBOX-15 in both T-and B-ALL cells. A notable increase in the subG0 peak was evidenced in both cell lines, indicative of increased numbers of apoptotic cells (Fig. 1B) . We have previously shown this concentration and duration of exposure to PBOX-15 to be minimally toxic to normal CD19 + B lymphocytes (7) . In order to confirm and quantify PBOX-15-induced apoptosis, CCRF-CEM and SD-1 cells were treated with 1 µM PBOX-15 for 24 or 48 h, stained with Annexin V and PI, and then analyzed by flow cytometry. A substantial increase in both early apoptotic (lower right quadrants) and late apoptotic (upper right quadrants) cells was detected at both 24 and 48 h post-treatment for both cell lines (Fig. 1C) . To investigate the role of caspases in mediating PBOX-15-induced apoptosis in ALL cells, specific pharmacologic inhibitors of caspase activity were used. Pre-treatment of cells with the pan-caspase inhibitor, z-VAD-fmk, significantly inhibited PBOX-15-induced apoptosis in CCRF-CEM cells (p<0.001) and SD-1 cells (p<0.01), suggesting a requirement for caspase activity. Pre-treatment with specific caspase-3 and 8 inhibitors significantly reduced PBOX-15-induced apoptosis in T-ALL cells only (p<0.01) (Fig. 1D) .
PBOX-15 treatment alters the adhesion and migration of ALL cells.
We next investigated the effect PBOX-15 on ALL cell adhesion, spreading and migration prior to induction of cell cycle arrest and subsequent apoptosis. CCRF-CEM cells grow both in suspension and as an adherent monolayer in culture, allowing for dynamic analysis of cell adhesion and cell spreading using the xCELLigence electronic sensing system. CCRF-CEM cells were treated with either 1 µM PBOX-15 or the well-characterized microtubule targeting agent nocodozole and cellular adhesion and spreading of the cells were monitored in real-time every 15 min for up to 8 h. Control cells with normal cell adherence showed continuously increasing Cell Index values, displaying a upwardly trending curve, as the cells adhered and spread. Treatment of cells with PBOX-15 or nocodozole inhibited their ability to adhere to the plate surfaces and spread as observed by the curve plateaus, with PBOX-15 treatment resulting in a more pronounced effect ( Fig. 2A, top panel) . In order to determine if PBOX-15 could exert its effect on pre-adhered CCRF-CEM cells, cells were allowed to adhere for 21 h prior to treatment ( Fig. 2A, bottom panel) . Following PBOX-15 treatment, cellular adherence was rapidly and substantially decreased as evidenced by a decline in cellular electrical impedance within 30 min. Interestingly, we observed a much more pronounced effect on pre-adhered cells treated with PBOX-15 compared to cells treated with nocodozole.
To further investigate these early PBOX-15-induced phenotypic changes in ALL cells, we examined the effects of PBOX-15 on ALL cell adhesion to the extracellular matrix protein fibronectin and on cell migration. Pre-treatment of both CCRF-CEM and SD-1 cells for 8 h with PBOX-15 significantly reduced cell adhesion to fibronectin, with nodcodozole having a similar effect (p<0.01; Fig. 2B ). Both PBOX-15 and nocodozole potently inhibited ALL cell migration in a transwell migration assay after 2-h exposure, with significant inhibition of both CCRF-CEM and SD-1 cell migration after 8-h treatment (p<0.05; Fig. 2C ). To ensure that the effects of PBOX-15 on cellular adherence, morphology and migration were not due to the induction of cell death, PBOX-15 treated CCRF-CEM and SD-1 cells (1 µM for 2 or 8 h) were stained with FITC-Annexin V and PI, and apoptosis was assessed by flow cytometry. No increase in apoptotic cells was observed at up to 8-h treatment compared with untreated cells (data not shown).
PBOX-15 down-regulates integrin expression and decreases integrin-mediated adhesion in ALL cells.
In order to determine if the decreased ALL cell adhesion and migration due to PBOX-15 treatment was associated with dysregulation of integrins involved in adhesion to fibronectin and lymphocyte trafficking, the expression levels of α4 (CD49d), β1 (CD29) and β2 (CD18) integrins were assessed by flow cytometry following treatment with 1 µM PBOX-15 for 8 h. A decrease in α4-and β1-integrin expression was observed in the CCRF-CEM cells (Fig. 3A) , while a substantial decrease in α4-and β2-integrin was observed in SD-1 cells (Fig. 3B) . To investigate if this had a functional impact on integrin-mediated ALL cell attachment, plates were coated with anti-α4-, anti-β1-or anti-β2-integrin and adhesion of control or PBOX-15-treated cells (2 or 8 h) was assessed using an HCA system. Following 8 h of PBOX-15 treatment, a significant reduction of CCRF-CEM cell adhesion on β2 (p<0.001) and α4 (p<0.05) integrins was observed (Fig. 3A) . Similarly in the SD-1 cells, a significant decrease in adhesion via β1 (p<0.01), β2 (p<0.05) and α4 (p<0.01) integrins was observed (Fig. 3B) . system is required for the cytoskeletal constraint on the lateral mobility of integrins, and, thus, integrin-mediated adhesion. Moveover, the microtubule cytoskeleton is known to participate in the control of integrin avidity (23) . To further investigate if the PBOX-15-induced decrease in adhesion of ALL cells to α4-, β1-or β2-integrin ligands was due to alteration in lateral mobility and clustering of integrins, ALL cells were treated with 1 µM PBOX-15 for 8 h and, subsequently, were immunostained for α4-, β1-, or β2-integrins and α-tubulin. Confocal microscopy revealed that the disruption of the cell membrane distribution and clustering of integrins was concurrent with the disruption of microtubule architecture in both CCRF-CEM (Fig. 4A ) and SD-1 cells (Fig. 4B ).
PBOX-15 interferes with lateral mobility and clustering of integrins in ALL cells. An intact and dynamic microtubule
Discussion
The treatment outcome for ALL has improved dramatically in recent decades with a cure rate exceeding 80% in paediatric disease. However, a number of challenges remain which necessitate improved therapeutic options: up to 25% of patients relapse, resulting in relapsed ALL being the leading cause of cancer related death in children and young adults; adult ALL continues to have a poor prognosis; and T-ALL is associated with unfavourable clinical features such as high white blood cell counts, bulky adenopathy and involvement of the central nervous system with resulting poor clinical outcomes. Here, we show anti-cancer activity of a novel MTA compound, PBOX-15, in cell line models representing poor prognostic subgroups of ALL: relapsed childhood T-ALL (CCRF-CEM) and BCR-ABL positive adult B-ALL (SD-1). Similar to our previous studies on the effect of PBOX-15 on other cancer cell types (5, 6, 10) , we showed that PBOX-15-induced G2/M cell cycle arrest and growth inhibition was associated with the induction of apoptosis in B-ALL and T-ALL cells. A pan-caspase pharmacological inhibitor inhibited PBOX-15-induced apoptosis in both T-ALL and B-ALL cells, while caspase-3 and 8 pharmacological inhibitors inhibited apoptosis in T-ALL cells. We have recently shown caspase-8-dependent PBOX-15-induced apoptosis in CLL and myeloma cells using a pharmacological inhibitor and siRNA knockdown of caspase-8 expression (7, 10) . However, caspase inhibitors only partially inhibited PBOX-15-induced apoptosis suggesting that caspase-independent mechanisms are also involved in PBOX-15-induced apoptosis in ALL cells (33) .
Our previous study showing that PBOX-15 rapidly inhibits integrin-induced T-cell migration (24) allowed us to postulate that PBOX-15 may potentially inhibit cell homing and mobility, and hence, the metastatic potential of ALL cells. In addition, gene expression studies on PBOX-15-treated CCRF-CEM and SD-1 cells revealed alteration of the expression of genes involved in multiple cellular pathways, including resistance to apoptosis and chemotaxis, suggesting that PBOX-15 may affect multiple aspects of the ALL cell phenotype (unpublished data). In this study, we used an impedanciometry technique to obtain qualitative information in real-time on the biological status of CCRF-CEM cells, including degree of adhesion, spreading and proliferation. PBOX-15 reduced the Cell Index of CCRF-CEM cells compared to control cells within 1 h, indicating that this effect on the phenotype of the cells was independent of cell cycle arrest and subsequent apoptosis, and suggesting that PBOX-15 rapidly inhibited the adhesion and spreading of the cells (34, 35) . Of note is the more pronounced and sustained effect of PBOX-15 on the cells compared to treatment with nocodazole ( Fig. 2A) . This may indicate that PBOX-15 has a distinct mechanism of action compared to other tubulin depolymerising agents and, indeed, we have shown differences in the mechanism of action of PBOX-15 compared to nocodozole in CLL cells (7) . The effect of PBOX-15 was more pronounced on pre-adhered cells suggesting that PBOX-15 may have a more potent effect on cell spreading compared to nocodazole. However, as both PBOX-15 and nocodazole had similar effects on cell adhesion to fibronectin and cell migration, the significance of the xCelligence data requires further investigation.
The PBOX-15-induced inhibition of ALL cell adhesion to fibronectin and cell migration further suggests that PBOX-15 may affect ALL homing and trafficking. Lymphocyte trafficking to secondary organs involves tissue and lymphocyte specific multistep adhesion cascades. Integrins are among the most dynamic adhesion molecules and are critically important for cell migration. Activated integrins, particularly members the α4, β1 and β2 subfamilies, mediate the firm adhesion of circulating lymphocytes to vascular cells and are crucial for lymphocyte trafficking (36) . Very late antigen-4 (VLA-4), an α4-, β1-integrin dimer, is a receptor for fibronectin and has been associated with B-cell survival and activation of the phosphatidylinositol-3-kinase signalling pathway in acute leukaemia (17, 37) . Recently, VLA-4 expression has been identified as a poor prognostic marker and potential therapeutic target in relapsed childhood B-ALL (38) . We observed significantly reduced α4-, β1-and β2-integrin mediated adhesion in PBOX-15-treated B-ALL cells concurrently with down-regulation of the respective integrin subunits. In comparison, down-regulation of the integrin subunits in PBOX-15-treated T-ALL cells was less pronounced, although α4-and β2-integrin mediated adhesion was significantly reduced. Importantly, we show that the cell surface distribution and clustering of α4-, β1-and β2-integrins is disrupted in both ALL cell lines following PBOX-15 treatment. A crucial role of the microtubule cytoskeleton in the control of integrin avidity has been established (23) . The cytoskeleton is intimately involved in the dynamic regulation of the adhesive state of integrins, switching from sufficiently strong binding to maintain cell-cell contacts, to a state that allows cells to dissociate and migrate. The microtubule system is not only important for driving this membrane remodelling (via either an increase or decrease of integrin avidity) but also acts as a platform to bring together surface receptors and recruit activable enzymes and substrates. Integrins interact with the microtubule cytoskeleton through association of their cytoplasmic domains and the MTA colchicine, nocodazole and taxol have been shown to interefere with integrin clustering (23) . Our data on the altered distribution and clustering of integrins, as a result of PBOX-15-mediated microtubule disruption, may suggest a role for integrin avidity in signalling mechanisms and/or gene regulation in ALL cells.
Overall, this study indentifies PBOX-15 as an agent which targets multiple aspects of the ALL cell phenotype and, as such, warrants further investigation of its potential as a novel therapeutic agent for the treatment of ALL.
